This article examines the utility of particular bird species and guilds as bioindicators in a complex habitat mosaic, namely that of the tropical city of Cayenne (French Guyana
Introduction
With the growth of metropolitan areas, it is becoming increasingly important to study the ways in which urbanization influences ecosystems (McDonnell and Pickett, 1990) . Birds have been found to be useful biological indicators in this respect, because they are ecologically versatile, respond to secondary changes resulting from primary causes, and can be monitored relatively inexpensively (Koskimies, 1989) . Also, because of their high mobility, birds react very rapidly to changes 1974; Diamond, 1986; Dowd, 1992) , Canada (Erskine, 1992; Sodhi, 1992; Edgar and Kershaw, 1994) , northern Europe (Hohtola, 1978; Kalivodova and Darolova, 1995) . The tropics are less well documented (Mason, 1985; Lenz, 1990) .
In the tropical belt, over the last 20 years, dramatic increases in human urban populations have brought about changes in the biological balance between human and avian communities. Natural areas have become fragmented, large amounts of vegetation cleared, ponds polluted or drained, and cultivated areas replaced by slums or waste disposal sites. The maintenance or restoration of the biological integrity of urban and suburban areas must begin with a comprehensive study of the links between biota and land use, and in this context bird communities are often used in investigations of habitat changes (Koskimies, 1989) . There are two main difficulties. First, that of characterizing anthropogenic gradients in urban and suburban zones where mosaics of human-made features and successional stands of vegetation are highly interlinked. Second, the characterization of bird species or guilds as biological markers: birds ability to fly makes it much easier for them than for most other taxonomic groups to exploit human-made habitats (Rolstad, 1991) . With their rapid expansion, neotropical towns offer many opportunities for research, especially for birds. A key area of interest is the comparison with communities typical of closed forests (Terborgh et al., 1990; Thiollay, 1986 Thiollay, , 1990 Thiollay, , 1994 Erard, 1992; Jullien and Thiollay, 1998) .
The small town of Cayenne, in French Guyana, has a similar urban structure like many other former colonial towns around the world: it was first situated on a peninsula then it increased on the nearby primary forest. An increasing human population has resulted in a pattern of habitat and environmental modifications across a wide range of conditions (Clergeau et al., 1998) . Cayenne covers an area of less than 2000 ha, and is considered in this study like an experimental station where relationships between avifauna and environmental conditions could be followed accurately with only one observer using suitable methodology and analysis.
The first object of the present study was to standardize the classification of bird observation stations in an urban-rural gradient, with regard to both anthropogenic and biotic variables by the way of a co-inertia analysis. The second was to establish the conditions in which bird species and guilds were associated with particular classes of habitat, and their potential utility as biological markers. Bird data reflect habitat changes, the analysis identifies the most important factors that can cause changes in bird population and bird species or guilds which are more suitable to represent these changes.
We used co-inertia analysis in this study (Dolédec and Chessel, 1994; Chessel and Mercier, 1993) . This is a multivariate analysis method which, like Canonical Correspondence Analysis (Ter Braak, 1986) , can be used to study relationships between species distributions and environmental variables. Co-inertia analysis is used to combine the two types of analysis, and to determine the relationships between species distributions and environmental parameters. It extends the analysis of ecological profiles, which deals with species presence-absence tables, to species distribution tables. It has already been used in various other domains, including chemometry (Devillers and Chessel, 1995) , phytopathology (Lamouroux et al., 1995) , hydrobiology (Dolédec and Chessel, 1994; Castella and Speight, 1996) , limnology (Verneaux et al., 1995) , phyto-ecology (Bornette et al., 1994) , nematology (Cadet et al., 1994) , and molecular biology (Thioulouse and Lobry, 1995) .
Study area and methods

Study site
Cayenne (4°56 0 N, 52°20 0 W) has the Atlantic ocean to the north, two large rivers, the Cayenne and the Mahury, to the east and west, and marshes to the south (Figure 1 ). Precipitation is approximately 3000 mm a year. The study covered an area of 1924 ha. The human population was 37 647 in 1982, and 40 993 in 1990. The annual increase in human population is only about 1%, but it varies from place to place (showing either increases, decreases or stability) within the city itself and its surroundings. Habitats vary from highly urbanized areas in the old city center to patches of old secondary . Percentage of building coverage: 0-10, ; 10-25, ; 25-35, ; 35-50; ; C50, . forest, typical of a continuous increase of urbanization at the expense of primary forest.
Landscape gradient
Cayenne was built around a small fortress on the coast. A concentric ring of small cottages was surrounded by farms dotted along the freshwater channels in areas which had once contained primary and riparian forests. Since 1970, this structure has been altered by rapid increases in human population (Reynaud, 1995) , and the need for more living space (Figure 1) . Most of the farms have now disappeared and been replaced by residential or commercial buildings, or have gone fallow and been covered by impenetrable vines, though there are many cases where traditional cottages and farms still exist sideby-side. Within the town, residential areas compete with patches of secondary forest, mainly on rocky hills and in seasonally waterlogged hollows. Ruined houses are numerous in the downtown district. This mix of old and new development has resulted in a mosaic of habitats (Wiens, 1994) . Soil cover is differentiated, as has been shown by aerial pictures and Landsat satellite imagery (Loïal, 1993) .
The survey stations were initially chosen according to a single parameter, namely the annual increase in the human population between 1982 and 1990 (IP) . This parameter was easy to calculate using data collected in the 1982 and 1990 population censuses (Reynaud, 1995) . The 115 stations were distributed symmetrically on either side of the zero annual increase line. A decline in the human population (as much as 10% a year) had occurred in slums and in some old ex-colonial areas, but had been compensated for by a marked increase (as much as 12% a year) in that of the countryside, and also that of some areas on the outskirts of the town where there were apartment blocks. Between these two extremes there was a suburban zone which had already reached a relative degree of stability, due mainly, though only over the latter 5 years, to human population equilibrium and a fast-growing residential zone.
Environmental data set
Each survey station was characterized by a combination of 10 qualitative variables, each with five categories concerning the main differences in vegetation (de Granville, 1992) , the level of anthropogeny, and their distance from fresh water and the ocean. These data were used to carry out a multiple correspondence analysis (MCA) as a way of categorizing the urban-rural gradient which was used to determine bird distributions.
These 10 descriptive variables of landscape structure are: AN, structural features of increasing urbanization: from old secondary forest (1) to high concentrations of office buildings downtown (5); HU, human activities: population density and noise, from quiet footpaths (1) to busy shopping streets (5); UD, understory density: from an absence of understory (1) to impenetrable vines (5); IP, level of annual variation in human population between 1982 and 1990: 10% to 3% (1) up to 7% or more (5); CS, size of trees: the top of the canopy is at a height of between 5 m (1) and more than 20 m (5); TC, percentage of tree coverage: the canopy covers between less than 10% (1) and 50% or more (5); GC, percentage of grass coverage: between less than 20% (1) and 60% or more (5); BC, percentage of building coverage: between less than 10% (1) and 50% or more (5); FW, distance from fresh water: between less than 5 m (1) and more than 1000 m (5); SW, distance from sea water: between less than 200 m (1) and more than 2100 m (5).
Because of rapid population growth, each survey station was reclassified for each new observation.
Census technique
To carry out a census of the birds in Cayenne meant finding places that were of adequate size, and also quiet enough not to disturb the birds: most of the species in question are secretive, live in dense vegetation or the high canopy, and have short singing periods. To cover a large number of habitats, and to limit bias resulting from varying detectabilities, a fixed-radius point-count method was used (Blondel, 1975; Blondel et al., 1970) . We used a car to go to each station, it was regard as the central point.
We used 10 ð 42 binoculars to identify species up to 25 m away to the right and left at the central point; the average area of observation was 0Ð10 ha. Birds singing or hunting at heights of up to 25 m, nesting, or crossing the observation volume, were counted. 576 point-counts of 20 min each were carried out for 115 survey stations, in fine weather, between 6:30 am and 10:00 am, between February 1992 and May 1995.
Statistical analysis
The Shannon-Weaver diversity index H 0 gives a measure of the richness and relative density of a species (Frontier and Pichod-Viale, 1991) . The index of similarity between habitats is given by IED 2A B C ð50/A, where A is the number of species in a given habitat, B the number of species in a second habitat, and C the number of species in common between the two habitats (Camargo, 1992) . Values of IE go from 0 to 100. A low value of IE means that there is a high degree of similarity between populations occupying two different habitats, and vice versa (Ferry, 1976) .
The theory behind the co-inertia analysis is based on Tucker's inter-battery analysis (1958) , which determines the relationship between two quantitative matrices (i.e. between two principal component analyses). It has been extended to two other kinds of data, i.e. contingency tables and qualitative variable tables, by Dolédec and Chessel (1994) , and Chessel and Mercier (1993) . Here, we applied it to the analysis of species abundances and qualitative environment variables. A correspondence analysis was performed on the first table, and an MCA on the second. A cluster analysis of the first two factors in the MCA was used to classify sampling sites in the urban-rural gradient. In the co-inertia analysis, each class in the gradient was positioned at the mean of the point-counts that constituted the class.
Computations and graphical displays were carried out using the ADE-4 statistical software package, available free at: http://pbil. univ-lyon1.fr/ADE-4/ (Thioulouse et al., , 1997 .
Results
Habitat classification
The 576 point-counts were analyzed by MCA for the 10 descriptive variables of landscape structure (Figure 2 (a)). Changes in the level of anthropization (AN) and of human activity (HU), correlated positively with axis 1, while the annual rate of increase of the human population (IP), the density of understory (UD) and the tree coverage (TC) correlated negatively with this axis. Axis 2 mainly expresses either two (AN, UD, BC, IP) or three (HU, FW, SW) classes of variables, and illustrates the complexity of the landscape description (CS, GC). The eigenvalues diagram (Figure 2 (b)) shows that these first two axes covered 63% of the data structure. Eight point-count classes were defined by a Cluster Analysis (UPGMA method) on the first two MCA factor scores (Figure 2(b) Axis 1 expresses the anthropization process: from undisturbed areas (negative values of SEC, OFA) to highly anthropized, built-up areas (DTG, DTH, GAR). Axis 2 expresses the diversity of the vegetation: the higher mosaic of habitats, hence that of food sources and nesting supplies (negative values of MOS, FAR, GAR), and the zones with the lowest diversity (positive values of DTG, SEC, DTH, CLE).
Avifauna data analysis
The 576 point-counts gave 13 667 birds of 136 species and 30 families. Table 1 summarizes the comparative structures of the avifauna in each of the urban-rural gradient classes.
To find out if the number of point-counts was large enough for the urban-rural gradient class, in each case, and if interspecies comparisons could be carried out for the different classes, we considered the slope of the curves of the cumulative number of birds, for each species. These slopes mean the lack to reach the total richness. This was calculated for the difference between the last point (e.g. for DTG: S n DxD44, yD31) and the last but one, S n 1 , so that S n 1 S n Da/N, where a is the number of species of frequency 1, N the number of point-counts, and a/N the probability of recording a new species in an additional sample plot. An a:N ratio of 1:10 means that ten more pointcounts will be needed to find a new species (Ferry, 1976) . As a/N increases, the number of point-counts needed to find a new species decreases. The expected species richness was assessed by a Jackknife estimate, so that SADO i CfN 1/NgK, where K is the total number of species recorded in just one pointcount (Baltanas, 1992) .
The number of observations for a given gradient class showed no particular relationship with either the Jackknife estimate of richness or the a/N values. The lowest class (downtown gardens, with 44 observations) reached a high level of observed richness compared to the maximum level (81%). The higher class (cottage clearing, with 100 observations) reached a level of 89%, but more observations in downtown gardens were required to find a new species, although just three more observations were enough to find a new species in cottage clearing areas. The relationship between the number of observations and the degree of richness was less important than the specificity of the habitat.
The avifauna diversity index was highest in cottage clearing areas, being 1Ð5-11% higher than in the other classes, except for the downtown gardens areas (31%). With regard to both richness and equitability, downtown gardens areas had a low level of habitat resources. The 10 most abundant species included 79% of the birds recorded, compared with 53-57% in the other habitats. The equitability index was higher in open habitats (parks and gardens, mimosa clearing) than in high-richness classes (small farms, dense bush), but this difference (2-3Ð5%) was too small to be significant.
The class of the urban-rural gradient whose avifauna composition (Table 2) was most similar to that of the other classes was traditional farming (FAR), a habitat that is highly attractive to many bird species because of the diversity of food sources, and of perching and nesting sites. The avifauna composition of the center-city old houses (DTH) was very close IE D 15 to that of clear-cuts after total deforestation (mimosa clearing), which meant that most of the former bird species had disappeared and T e nm o s ta b u n d a n ts p e c i e s( % ) 7 9 6 3 6 1 5 5 5 6 5 3 5 6 5 7
(Left to right) in Cayenne: DTG, downtown gardens; DTH, old house gardens; GAR, parks and stadia; FAR, traditional farming; CLE, mimosa clearing; OFA, old fallows; MOS, mosaics of cottages and riparian corridors; SEC, secondary forest. N, number of observations; O i , number of species; a, number of species of frequencyD1. been replaced by more ubiquitous species. Downtown gardens (DTG) and anthropized features (parks and gardens) were the classes which were least similar to the others. As the main purpose of this study was to identify the bird species that could serve as markers for the urban-rural gradient classes, the bird species were divided up into four categories, according to relative frequency and density (see the Appendix): dominant species (nine species: frequency above 45%, relative density above 3Ð5%); accessory species (23 species: frequency between 45 and 5%, relative density between 3Ð5 and 1%); incidental species (40 species: frequency between 5 and 1%, relative density between 1 and 0Ð07%); and 64 other species which were considered as vagrants. Further analysis was performed on the first three categories (72 species).
Co-inertia analysis
The results of the co-inertia analysis for the descriptive variables of landscape structure (Figure 3(a) ) show the effect of anthropization on axis 1 (AN, HU, UD), and the distance from the ocean (SW). Axis 2 shows a decrease in grass coverage (GC), and an increase in tree coverage (TC), i.e. the contrast between open and closed habitats. The distribution of high trees (CS), which dominate the landscape here and there, and the distance from fresh water (FW), are not easy to explain.
The urban-rural gradient classes ( Figure  3(b) ) shows the importance of axis 1: there is an opposition between, on the one hand, classes DTG, DTH, GAR and CLE, which describe highly anthropized areas, and, on the other hand, classes FAR, MOS, OFA and SEC, which correspond to a lesser degree of anthropization. Axis 2 distinguishes areas characterized mainly by SEC (i.e. secondary forest with a dense canopy) from GAR and CLE (i.e. open lawn with sparse introduced trees), which are representative of totallyanthropized vegetation.
The results of the co-inertia analysis (Figure 4(a) ) shows, on axis 1, the opposition between species living in quiet, wild habitats, and species adapted to the city and to vegetation close to the seaside. On axis 2, the opposition is between species living in open country close to fresh water and understory species. The map of the classes with respect to the distribution of species clearly shows the urban-rural gradient (Figure 4(b) ).
The maps in Figure 5 illustrate the distribution of the species given in Figure 4 (a), in terms of their membership of trophic guilds. It can be seen that the species are clustered into 11 trophic guilds, according to food type (Terborgh et al., 1990; Thiollay, 1986; Blake and Loiselle, 1991;  Table 3 ). Species belonging to a given guild are not often associated with just one particular habitat, though it is true that the water birds (WA) are dependent on the vicinity of fresh water, and the bark-dwelling insectivores (IB) on the high canopy (CS4-5). The distribution of species follows axis 1 (the urban-rural gradient) for granivores (GR), aerial insectivores (IE), nectarivores (NI), and raptors (RP). Frugivores (FR), sallying insectivores (IA) and terrestrial insectivores (IT) are related to the understory-open country gradient. Omnivores are ubiquitous in their distribution.
Steps of birds selection as biological markers
An initial trial using the eight dominant species (52% of the total number of birds) gave disappointing results (Table 4 ). All the . First factor map of the co-inertia analysis for the different bird species. Bird species of a given guild are grouped together, with guilds and birds markers in bold characters (see Table 3 for guild abbreviations and definitions, and the Appendix for the full names of bird species). species were found in each class during the first 10 point-counts, and were thus taken into account only if some drastic upheaveal (e.g. major pollution, or climatic change) occurred in the urban-rural gradient during the study period. Screening was then carried out on the accessory species, some of which were also ubiquitous; e.g. among the granivores, Sporophila castaneiventris, Columbina minuta, Columbina passerina, and Columbina talpacoti. We selected 11 species which, on account of their relatively high density and ease of detectability, were used as biological markers of the urban-rural gradient (Table 5 ). In the omnivore guild, for example, the dominant feather pattern was: black for Quiscalus lugubris; light gray for Mimus gilvus; browner for Turdus nudigenis; cobaltblue for Tangara mexicana and black and golden-yellow for Cacicus cela. They were found along the urban-rural gradient in the n, never seen in the given class.
following order: qulu, migv, cace, tame, tunu ( Figure 5(a) ). Table 6 can be given either a vertical or a horizontal reading. The vertical reading is associated with the investment that may be needed to differentiate between two given habitats. With 10 point-counts, each of the 11 species was found along the banks of freshwater channels (MOS), but at different densities; in the secondary forest, one C. cela was found in every 14 pointcounts, whereas it took 24 point-counts to find a M. gilvus, but only two to find a Thamnophilus doliatus. In downtown garden areas, the chances of finding C. cela were slim; on the other hand, it took six point-counts to find a M. gilvus, and 22 for a T. doliatus. Each omnivore marker was specific to a given anthropization step, while each insectivorous marker was associated with a particular type of vegetation structure ( Figure 5 ). The horizontal reading shows the probability of a given species being associated with a given habitat. For the five omnivorous species, with 10 point-counts it was impossible to find a M. bonariensis or a M. gilvus in SEC, Turdus nudigenis in DTG, DTH or CLE, C. cela in DTG, GAR, CLE or FAR, and T. mexicana in DTG, DTH or GAR. With an investment of only five point-counts for each class, the observation of the first five species shown in Table 5 was enough to characterize the classes as a whole.
As regards bird knowledge and investment cost, the characterization of the degree of anthropization was feasible for five guilds of low relative density (using interguild markers), and also for five guilds of high density if marker species of medium relative density (interspecies markers) were taken into consideration. At the species level, five point-counts were enough to obtain the set of markers of the habitat classes. And it might be noted that interspecies markers are preferable to interguild markers in terms of accurancy and ease of interpretation.
Discussion
The study of urban-rural gradients provides a context in which human activities must be taken into consideration as crucial components of ecological systems. The interaction between anthropogenic and natural variables means that urban-rural gradients are complex, and our choice of variables for the location of survey stations took this fact into account. In our data, there are four variables that relate to human activities: AN, HU, IP and BC. MCA was used to classifiy the habitats into eight classes, and the co-inertia analysis brought out the main relationships and differences between these classes. Distinctions between classes were due more to human impact on the original landscape than to the diversification of the landscape itself. Day-to-day human activities and understory density are the main components of axis 1 (Figure 3(a) ). The distribution of bird species was firstly related to the anthropization gradient (Figure 4(b) ), but many species were mainly associated with the understory-open country gradient.
To assess the value of birds as biological markers along the urban-rural gradient, we first took into account the least costly sampling level (the density-dependent effect). The assumption is that the study of guilds is less time-consuming than that of species. The analysis of the avian response guilds showed which groups of species were most sensitive to habitat perturbations, and which benefited from, or at least were not affected by, environmental disturbance. This analysis, carried out either individually or in combinations, reflected the patterns of disturbance of the landscape.
Six guilds were ubiquitous: in other words, a bird belonging to one of these guilds was seen in a maximum of three point-counts in each habitat (Table 6 ). There are two possible explanations for this. The first is that the guilds contained many species which exist at high density, each bound to a particular group of habitat classes: e.g. among the omnivores, Q. lugubris in downtown areas (35% of the birds being found in DTG, and 16% in DTH), M. bonariensis in new clear-cuts, and C. cela in old fallow areas (OFA). The second is that there was only one ubiquitous species, for the nectarivores, i.e. Amazilia fimbriata, which was found in 39% of the samples, and accounted for 77% of all nectarivores. The five guilds that were most sensitive to anthropogenic disturbance were also among those that had specific habitat requirements; they provided most of the information that was used for characterizing the urban-rural gradient classes (in bold characters in Table 6 ).
The only easy way of differentiating between downtown gardens and other habitats is to utilize the fact that no bird belonging to any of the indicator guilds was seen in the course of 20 observations (400 min). Frugivores were less abundant in parks and stadia than in old house gardens, due to the fact that the fruit resources were lower there, but bark-dwelling insectivores were more numerous in parks and stadia than in old house gardens, and therefore also in traditional farming areas, because the density of mature trees was higher. Water birds were able to be used as markers for two habitats-the riparian corridors, and the parks and stadia-because they often forage in waterlogged lawns. They were not present in downtown parks because of the high level of disturbance-gleaning insectivores need patches of dense understory such as is found in the remote secondary forest areas, whereas species such as Troglodytes aena are well acclimatized to anthropic vegetation, which is why they are numerous in old house gardens, parks and stadia, and traditional farming areas. The raptor guild includes the scavengers, which are numerous downtown, but some raptors remain at the edge of the forest (Jullien, 1992) and hunt in less disturbed areas which provide them with rodents and chickens (Traditional farming, Mimosa clearing) or reptiles (Riparian corridors). The 10 point-counts in each of the urban-rural gradient classes proved to be enough to characterize the habitats of these five guilds. With 10 point-counts, for instance, frugivores were not found in downtown gardens, but were found in all the other habitats, with diverse efforts: for secondary forest areas and old fallows, in every point-count; for riparian corridors and mimosa clearing, in one in three point-counts; but for traditional farming areas, in only one in eight point-counts. For habitats with 10 point-counts, gleaning insectivores and raptors were found in old house gardens, water birds in parks and stadia, gleaning insectivores alone in traditional farming areas, bark-dwelling insectivores in mimosa clearing, raptors in old fallows, water birds and raptors in riparian corridors, and gleaning and bark-dwelling insectivores in secondary forest. At the level of 10 point-counts per class, there were species of high relative density that could also be used as markers, given that each habitat possessed a characteristic bird population composed of specialists, generalists and incidental species.
For breeding birds in sagebrush steppe areas, species richness and dominance showed little overlap between values for the extremes of impact class, and thus had some potential as indicators of biological integrity (Bradford et al., 1998) . The fact that some species were more easily detectable than others, and that there was no assumption of random sampling, meant that no comparison between species could be made (Blake and Karr, 1987) . Priority had to be given to the most easily detectable species if the observation cost was to be as low as possible; comparisons were established, for these same species, between the different habitats. Lawton et al. (1998) , in their general study on indicator taxa, show that it takes an average of 50 scientist-hours to sample, sort, and identify a bird species, compared with 150 for a butterfly species, and 2000 for a termite species. In the present study, the number of scientist hours was between 2 and 10, depending of the degree of accuracy aimed at; and it took 33 scientist hours (100 pointcounts) to record more than 80% of the species in a given habitat type.
Ecosystem structure and function along urban-rural gradients are currently being studied by a number of researchers (see, for example, McDonnell and Pickett, 1990 ). The present study shows that it is possible to use small bird assemblages as indicators of anthropization levels; the fact that, in the different habitat classes, the number of bird species varied between 31 and 91, with a total of 136 species, suggests that the method could be used for identifying indicator species in forested areas such as those found in Europe (Lescourret and Genard, 1994) , the USA (Turchi et al., 1995) , and in rain forests (Reynaud, 1998) . As the number of species decreases, it becomes more difficult to distinguish between different habitat classes (Bradford et al., 1998) .
The integration of this intensive smallscale habitat selection study and an extensive study of bird population changes is very fruitful for predicting and interpreting the impacts of different land-use practice on wildlife, and in management decision-making processes. First, the methodology proposed for the identification of the habitats of small bird assemblages that can serve as bioindicators is not complex, and requires little ornithological skill to put into practice, given that the indicator species are not numerous and are easy to observe. Second, the constitution of a mosaic of habitats comprising nine classes meant that areas of high species richness were easy to identify. These habitats were at the edge of the largest urbanized area under study, but, like the cottage garden areas and riparian corridors, they formed a fine tissue with high biodiversity, whose equilibrium was fragile because the disturbance factors associated with residential development outweighed the habitat value of ornamental yard planting (Smith and Schaeffer, 1992) . In Cayenne, the protection of these habitats would favor the preservation of biodiversity, as well as a continuum of habitats which ranges from the remains of the rain forest almost to the center of the city. 
